Introduction {#sec1}
============

Mutation in Ras gene has been observed in more than 30% of cancers and 90% of pancreatic, lung and colon cancers.[@bib1], [@bib2] Ras proteins (K-Ras, H-Ras, N-Ras) function as molecular switches, which are activated by binding to GTP which plays a role in the cascade of cell process control (proliferation and cell division).[@bib1] In the inactive state, transforming GTP to GDP leads to activation of GTpase in Ras gene.[@bib3] However, the mutation in Ras results in loss of internal GTPase activity and permanent activation of the protein.[@bib4] Ras is an oncoprotein which is typically active in the cancers whose activation is associated with human cancers.[@bib5] In the present study, RAS mutation and promoter methylation of RASSF1A were reported as non-small cell lung cancer tumors, which showed no general correlation, but tumors with K-Ras mutations and RASSF1A methylation had a lower overall survival than other tumors.[@bib6]

The same results were reported in another study in relation to Hepatocellular carcinoma tumors with the promoter methylation of NORE1A and Ras activation, suggesting that most Ras-activating tumors and RASSF methylation have more aggressive potency than tumors without RASSF methylation.[@bib7] The results indicated that, there is a good correlation between the K-Ras-positive cancer cells and the loss of RASSF proteins. For example, the loss of RASSF2 increases the proliferation and ability to attack the K-Ras-positive lung cancer cells. Other researches have reported similar results for RASSF3 in the lung cancer cell line. These cells are resistant to chemotherapy.[@bib1] Other studies have shown that, expression of RASSF6 in a melanoma cell causes mutation in the B-Raf message and reduces the invasiveness of cells.[@bib8], [@bib9]

Also, the inhibition of RASSF1A in cells induces the apoptosis induced by DNA damage, and is treated with cisplatin.[@bib10], [@bib11] These observations indicate that, epigenetic therapy is designed to restore the expression of the RASSF protein, and may be a valid strategy to treat aggressive Ras-positive and RASSF-negative suppressors. This approach may be very appealing, because the Ras direct target has not yet been determined.

RASSF proteins {#sec2}
==============

RASSF family proteins contain 10 members all of which contain Ras-related domain.[@bib12] Therefore, RASSF is called Ras-related domain family.[@bib13] RASSF1 has an RA domain at the end of C through RASSF6, while RASSF7 has RA domain at the end of N through RASSF10.[@bib14] The C-terminal of RASSF proteins has been widely studied, which has been observed to be inactive epigenetically in most cancers; therefore, we will focus on this matter.[@bib15]

One of the major characteristics of RASSF proteins is that they lack enzymatic activities. On the other hand, they seem to act as scaffold molecules and via forming scaffolds with proteins of apoptosis signaling pathways and senescence, reducing Ras suppressing effect on the growth and survival.[@bib1], [@bib8] The structural domains related to C-terminal RASSF have been displayed in ([Fig. 1](#fig1){ref-type="fig"}).Figure 1The structure of C-terminal protein of RASSF; C1 finger domain on Ra; Ras-related domain; Salvador/RASSF/Hippo domain, SARAH (All C-terminal RASSF proteins have Salvador/RASSF/Hippo domain, which directly bind to mammalian sterile 20 like (MST) and Hippo signaling pathway).[@bib1], [@bib17]Figure 1

Another unique characteristic of RASSF is the high epigenetic deactivation rate in different cancers. Epigenetics refers to the changes in gene expression not caused by changes in DNA sequence.[@bib16] In RASSF proteins, CpG islands methylation of promoter areas leads to the degradation of RASSF proteins in cells. The suppression of RASSF proteins can intensify Ras transformation and separates it from apoptosis and senescence pathways.[@bib16] Therefore, degrading RASSF protein facilitates Ras transformation. The relationship between C-terminal RASSF proteins and Ras function has been summarized in the following sections.

RASSF1 {#sec3}
======

RASSF1 gene has been found in the selection of hybrids for proteins which interact with DNA repairing protein, group A-complementary protein (XPA).[@bib17] This gene has proved to produce two main transcripts: RASSF1A and RASSF1C, both of which have RA domain. There are several other isoforms which have not been considered due to the deficient information.[@bib18], [@bib31]

It has been shown that RASSF1 proteins can bind to active Ras and activate Ras-dependent apoptosis.[@bib13] At first, there was disagreement on the physiological nature of interaction between Ras and RASSF1, but some groups suggested that there is no direct interaction between them.[@bib18] However, some studies reported that Ras forms an endogenous complex with RASSF1 with a direct interaction.[@bib7] It was observed that RASSF1 was bound to K-Ras and could not bind to non-farnesylated Ras.[@bib19] As a result, positive results were not expected in the experiments of recombinant H-Ras protein obtained from bacteria or non-farnesylated Ras mutants of yeast.[@bib20]

Early studies suggested that RASSF1A gene is reduced in human tumor cells and suppresses tumorigenic phenotype.[@bib21] RASSF1A has no enzymatic activity and functions under K-Ras control, like Scaffold proteins.[@bib22] This makes K-Ras control the suppressing pathways of several tumors.

The first known biologic property of RASSF1A was that RASSF1A can enhance suppression of G1 and G2/M stages in the cell cycle.[@bib23] The suppression of G2/M can be expressed by the severe effect of RASSF1A over-expression on microtubule-associated proteins (MAPS).[@bib7], [@bib23] RASSF1A directly binds to MAPS, where these proteins bind to tubulin. Note that MAPS modulates microtubule polymerization.[@bib24] RASSF1A is associated with all forms of tubulin including gamma tubulin in spindle poles and can describe RASSF1A capability in suppressing genetic instability caused by K-Ras.[@bib25] Advanced technical studies suggest that in interphase cells, RASSF1A is associated with a set of Golgi apparatus microtubules evoking its correct polarity and direction.[@bib26] In addition to microtubules, RASSF1A is identified in the locus and protein associated with mitochondria.

In addition to the effect on the microtubules, it is clear that RASSF1A is involved in binding Ras to pro-apoptosis signaling pathways: Bax pathway and Hippo pathway. Bax is a pro-apoptosis protein with Bcl2 or BH domain which is vital for most apoptosis forms in cells. In 2005, two studies revealed that RASSF1A is an intermediary of Bax pathway and activates it.[@bib7], [@bib19] K-Ras amplifies RASSF1A and MOAP-1 interaction and stimulates the Bax activation and transfer to mitochondria. RASSSF1A suppression degrades Ras potential for activating Bax in tumor cells.[@bib27]

RASSF1A binds Ras to other pro-apoptosis signaling pathways (Hippo pathway).[@bib28] The most important RASSF proteins are proteins 1--6 which contain SARAH motif in C-terminal. This protein binds to MST1 and MST2 hypokinases.[@bib29] MST kinases become phosphorylated and suppress tumor suppressing kinase (LAT) in the kinase cascade. LAT kinases have different functions, but their most important function is co-activating yes-associated protein (YAP) and tafazzin (TAZ).[@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29] YAP/TAX phosphorylation by LATs stimulates their exit from locus and proteosomal degradation.[@bib30] YAP acts as an oncogene and survival factor, whose suppression by Hippo pathways can lead to apoptosis and senescence.[@bib31] Hippo pathway has an important role in natural cells\' homeostasis which is not modulated in human cancers.[@bib32] This lack of modulation leads to YAP activation and pro-growth effects.[@bib16] RASSF1A is employed to bind Ras to Hippo pathway, and the Ras interaction with RASSF1A stimulates MST kinase stability and activation.[@bib33] Therefore, the loss of RASSF1A causes Ras not to bind to Hippo pathway suppressing apoptosis signaling. However, the situation may be somehow complex.[@bib10] In in vivo system, using RASSF1A point mutation prevents MST kinase binding, where cardiomyocytes and cardiac fibroblasts act distinctly relative to RASSF1A/Hippo signaling.[@bib34] Therefore, cell characteristics may be associated with the main results of this pathway.

RASSF1A can form a complex with mouse double minute 2 homolog (MDM2) and ligase ubiquitin and degrade p53 and Rb.[@bib35] This association with p53 is the reason for the synergetic tumor formation through suppressing RASSf1A/p53 heterozygotes. The role of Ras in this process is not clear yet.[@bib35]

In addition, RASSF1A has an important role in response to DNA damage and repair. A group found that RASSF1A is involved in MST2 and LAST1 activation and leads to p73 pro-apoptosis protein stabilization.[@bib7], [@bib19] Therefore, in RASSF1A-defected cells in which is DNA damaged, apoptosis activation process is suppressed and leads to the survival of mutation carrier cells and cancer.

Other studies suggest that the mechanism which controls DNA repair by RASSF1A involves the modulation of DNA repair proteins acetylation through SIRT1 deacetylase.[@bib36] It has been reported that RASSF1A can form complex with HDAC6 deacetylase. Therefore, RASSF1A binds through several deacetylases to K-Ras for controlling acetylation.[@bib37] Degradation of RASSF1A may create defect in acetylome. As acetylation is more involved than phosphorylation in transformations after translation, this effect can bear high importance in Ras-induced tumor and the tumor response to acetyl transferase suppressors.[@bib1], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38]

The studies on the transgenic rats have confirmed RASSF1A suppression effect.[@bib36] In these rats, depending on age and carcinogen treatment, automatic suppression of tumor was observed.[@bib38] However, the results revealed that in heterozygote rats, more tumors develop compared to homozygote rats, suggesting that the cell may preserve minimum RASSF1A expression for its survival.[@bib1], [@bib37] The studies about deleting RASSF1A and p53 showed that there is an increase in the number of rats without RASSF1A and p53 with high automatic tumor during young ages. This signifies that the results of suppressing RASSF1A and Ras activation should be studied in rats.[@bib38]

The main alternative of RASSF1 is RASSSF1C, which is the shortest form of RASSF1A without N-terminal.[@bib11] RASSF1C can form a complex with K-Ras and create apoptotic properties. RASSF1C protein expression is eliminated in some tumor cells. Indeed, in cases where RASSF1A protein expression is preserved, it is no longer expressed. This means that RASSF1C can be modulated after transcription, which in some cells acts as tumor suppressor.[@bib38], [@bib39]

Contradictory roles have been reported about RASSSF1C. Clearly, after DNA damage, RASSF1C has an important role in the death of ovarian cancer cells and activation of kinase pathway at the jun N-terminal kinase (JKN). Other studies suggested that RASSF1C can have a mild stimulating effect on cancer cells and β-catenin modulation.[@bib40], [@bib41], [@bib42], [@bib43], [@bib81] Nevertheless, the physiologic functions of these isoforms are not clear.

RASSF5 (NORE1) {#sec4}
==============

The second member of RASSF family which has been studied well is RASSF5. This member of Ras family produces two main protein isoforms: RASSF5A (NORE1A) and NORE1B (RAPL).[@bib43], [@bib44] NORE1A is widely expressed in the tissue, while NORE1B is limited typically limited to the lymphatic structure.[@bib45] Indeed, NORE1A binds through GTP-dependent method and second effector to Ras, which is known as Ras-binding protein. RAPL/NORE1B is identified as Rap-binding agent.[@bib1] Unlike RASSF1A, NORE1A binds easily to H-Ras. NORE1A, like RASSF1A, can bind to MST kinases and modulate Hippo apoptosis pathway.[@bib46] However, delete mutation shows that the Hippo pathway is not required for suppressing the growth and function of NORE1A, and it can stimulate Hippo kinase cascade.[@bib46], [@bib48]

NORE1A expression grows through epigenetic mechanisms in tumors. On the other hand, its expression diminishes through calpain and ubiquitin at the protein level.[@bib1] NORE1A expression severely drops in malignant liver cancer.[@bib46] It has also been found that NORE1A suppresses the tumor, where the displacement of inactive NORE1A gene in human leads to inheritance of cancer syndrome.[@bib1]

Other evidence suggests that NORE1A over-expression has a strong effect on Ras senescence, where its suppression reduces senescence response and increases transformation by Ras.[@bib49] NORE1A can interact with MDM2 (p53 negative modulator); this interaction can be used to induce ubiqitation and HIPK1 oncoprotein degradation, suggesting that NORE1A acts as a scaffolding molecule.[@bib1], [@bib46], [@bib47], [@bib48], [@bib49] These studies demonstrate that NORE1A/MDM2 interaction modulates Ras and creates another level of Ras/NORE1A/DMD interactions.

Another major component of Ras/NORE1A signaling is β-catenin protein. This is a binding protein and transcription cofactor activated in Wnt signaling pathway.[@bib50], [@bib81] Under normal conditions, it phosphorylates β-catenin multi-protein complex and provides the possibility of its binding to SCFβ-TrCP ligase ubiquitous complex, which acts as oncogene in cancer.[@bib51] β-TrCp is the diagnosis element for SCF β-TrCPT substrate which can act as tumor suppressor as it influences β-catenin degradation.[@bib49], [@bib50], [@bib51] Therefore, in cancers without NORE1A, negative modulation of β-catenin-related Ras is impaired. This indicates that they play a role in RASSF proteins and uncontrollable cell growth.

The studies of human tumor reveal that NORE1A is inactive while RAS is active. However, a study showed that Ras signaling is active and NORE1A promoter methylation occurs in tumors with low survival.[@bib52] This suggests that NORE1A has a minor effect on human tumors. Other studies revealed that in rats without NORE1A and Ras, NORE1A suppresses the cancer.[@bib53], [@bib54]

In another study, other NORE1 isoforms indicated that NORE1B plays an important role in the immunity cells (it is an integral element of immunity system) whose expression in lymphatic elements is higher than in other RASSF proteins. It is also associated with MST1 such NORE1B and NORE1A.[@bib53], [@bib54], [@bib55], [@bib56] Its two forms are synergetic and modulate T-cell multiplication negatively (when T-cell antigen receptor is stimulated). In addition, it has shown that NORE1B, along with Ras, modulates T-call signaling, Ras activation, and Ras signaling in immunity cells.[@bib56]

A study revealed that in liver cancer, 62% of NORE1B promoter is methylated.[@bib55], [@bib56] This evidence indicates that in some systems, the loss of NORE1B reflects tumorigenic activity. However, this study found that NORE1B interacts with RASSF1A, and the simultaneous activity of NORE1B and RASSF1A prevents liver cancer.[@bib57], [@bib58] Nevertheless, further studies are required to understand NORE1B activity mechanism.

RASSF2 {#sec5}
======

RASSF2 protein is one of the important and vital members of RASSF family which is known as a metastasis suppressor which forms androgen complex by Ras effector domain and K-Ras.[@bib59] This complex is specific for K-Ras with a weak interaction with H-Ras. The rate of RASSF2 expression is high in the brain, but it is low in other tissues.[@bib60] This protein is deactivated in some cancers by epigenetic changes, where oncogene changes induced by K-Ras are increased. The lack of RASSF2 expression leads to augmented growth, impaired adhesion, and elevated phosphorylated AKT.[@bib60], [@bib61]

The highest rate of RASSF2 promoter methylation has been observed in prostate tumors, where more than 95% of promoters are methylated.[@bib62] This methylation has a high correlation with the reduction of protein expression in prostate cancer.[@bib1], [@bib63], [@bib64] Therefore, RASSF2 is used as an effective indicator of prostate cancer as its promoter is methylated and can be diagnosed using urine samples and polymerase chain reaction.

RASSF2 protein has pro-apoptosis activity and acts through binding to prostate apoptosis response protein (PAR-4), which is modulated by K-Ras and transfers PAR-4 to the locus by activating K-Ras promoter.[@bib1] PAR-4 interacts with TNF-related apoptosis inducing ligand in locus and induces apoptosis. This protein can modulate both kb and JNK pathway, but the exact mechanism of these effects and its relationship with Ras are not clear yet.[@bib65], [@bib66]

RASSF3 {#sec6}
======

RASSF3 can bind to activated K-Ras, but the androgen complex between Ras and RASSF3 has not been confirmed yet. The simultaneous activity of K-Ras and RASSF3 induces cell death.[@bib67] There has been no evidence in other studies showing RASSF3 methylation or reduction of protein expression in tumors.[@bib67], [@bib68], [@bib69] However, RASSF3 has been determined in some colon cancers and lymphoblastic leukemia. In addition, there is evidence on the loss of RASSF3 function in human cancer, but its frequency is lower compared to other members of RASSF family.[@bib70]

Evidence indicates that RASSF3 inactivation leads to a defect in DNA repair, increases genomic instability, and causes changes in lung tumor.[@bib13] This protein (RASSF3) can bind to MST1, but cannot activate it. This protein contributes to apoptosis through P53 and modulates it through binding and degrading MDM2.[@bib8], [@bib71]

RASSF4 (AD037) {#sec7}
==============

This protein can bind through effector domain to active K-Ras. However, lack of antibody for RASSF4 prevents formation of endogen complex structure between them. RASSF4 induces Ras-dependent apoptosis and in some cancer cells (nasopharyngeal), the expression of this protein diminishes with promoter methylation.[@bib72], [@bib73] The reduction of RASSF4 expression is related to cancer stem cells in cells similar to cancer cells.

The findings indicated that RASSF4 expression declines in some tumors, but in the human breast cancer, RASSF4 expression was elevated. RASSF4 has different biologic effects in different cell systems, with this protein causing enhanced YAP expression, intensified cell growth, and prevention of senescence through binding to MST1 and suppression of Hippo signaling in Alveolar rhabdomyosarcoma cancer.[@bib8], [@bib73], [@bib74], [@bib75]

RASSF6 {#sec8}
======

This protein is the first identified member of RASSF family which can bind to active K-Ras through effective domain and suppress Hippo pathway by binding to MST kinases.[@bib76], [@bib77], [@bib78], [@bib79], [@bib80] RASSF6 can induce apoptosis whose suppression can promote the changes in tumor cells\' phenotype. In primary cancers, this protein declines epigenetically whose is lower than that of RASSF1A and RASSF5 and is exclusively active in neuroblastoma, pediatric leukemia, melanoma, and melanoma metastasis.[@bib1], [@bib9], [@bib81] RASSF6 expression strongly increases in some cancers (ovarian cancer). In some cases, this protein is pro-tumorigenic like Hippo suppression RASSF4.[@bib82]

RASSF6 induces apoptosis independent of Hippo signaling. As with other members of RASSF family, this protein interacts with MDM2 protein and modulates p53, apoptosis, and cell cycle.[@bib83] This protein, like RASSF1A, can form Ras complex along with MOAP-1 protein active Bax. In melanoma cells, this protein can amplify the relationship between MST1 suppression kinase and B-Raf mutation, and suppress the mitogen-activated kinase protein (MAPK) pathway.[@bib9], [@bib84] Note that RASSF6 has various mechanisms which can use Ras for tumor suppression.

Conclusion {#sec9}
==========

According to studies on human tumors, RASSF1A is inactive epigenetically. Loss of this protein suppresses some growth pathways, with the reason for developing Ras tumors being reduced RASSF1A expression.

The methylation of NORE1A promoter and Ras activation have been reported in hepatocellular carcinoma tumors. This means that most tumors with Ras activation and RASSF methylation have a greater attackability to tumors without RASSF methylation. These data suggest that there is a relationship between positive K-Ras cancer cells and RASFF protein degradation. For example, the loss of RASSF2 expression increases the multiplication and invasion of positive K-Ras cancer cells of lung, which are resistant to chemotherapy. Other studies revealed that RASSF6 expression in melanoma cell leads to mutation in B-Raf signaling and reduces the invasion of cells. This evidence demonstrate that epigenetic treatment is designed for recovering RASSF protein expression, which is a valid approach to help in the treatment of positive Ras and negative RASSF tumors.

A group of DNA methyl transferase suppressors can be used to prevent DNMTs function. 5-Azacitidine and Decitabine are DNA methyl transferase suppressors, both of which are nucleoside analogues. These suppressors deactivate DNA methyl transferase in DNA-protein complex. These medicines are used to treat Myelodysplastic syndrome and acute myeloid leukemia. However, their effectiveness in the treatment of solid tumors is limited, and their high doses lead to undesired side-effects like bone marrow suppression and nausea.

RASSF1A promoter methylation occurs through DNA methyl-transferase enzyme (DNMT3B). Nanaomaicin A is an antibiotic identified as DNMT3B exclusive suppressor. The treatment with this antibiotic has led to the re-expression of RASSF1A in lung cancer cells as well as melanoma (treatment with Nanaomaicin A leads to the re-expression of RASSF6) and suppresses tumor phenotype. Therefore, Nanaomaicin A degrades melanoma cancer cells, suggesting that it has a considerable potential for re-expression of all RASSF proteins in Ras-induced tumor cells. This treatment has no side-effects and is used in the treatment of most cancers. Nevertheless, there has been no report so far about the clinical effect of Nananmaicin A as an anti-cancer drug.

Another clinical aspect related to RASSF protein is using it as a biological marker in human tumor. The reduction of RASSF1A expression is a common event in human cancers which has a widespread relationship with cancer phenotypes. Promoter methylation related to this protein (RASSF1A) can be identified in the mucus, serum, and urine. RASSF2 methylation can be diagnosed in the urine of prostate cancer patients. In general, the study of RASSF proteins\' methylation is a non-invasive process which provides information about cancer phenotype, where this information can be used to develop exclusive therapies for cancer-suffering patients. [Fig. 2](#fig2){ref-type="fig"} demonstrates a summary of RASSF protein involvement in Ras signaling pathways.Figure 2Signaling pathway with involvement of RASSF1A. This protein is involved in various signaling pathways which can induce apoptosis through Ras activation. It also acts independently of Ras and suppresses Akt signaling pathway through different mechanisms.[@bib1], [@bib38], [@bib84]Figure 2

Further studies are required to determine the importance of losing RASSF proteins in tumors caused by Ras. For example, RASSF1A-free mouse has higher sensitivity to tumors where both effects of losing RASSF1A and activating Ras should be considered. In general, RASSF proteins can be a suitable means for targeting a large set of Ras-induced tumors.

Conflict of interest {#sec10}
====================

None declared.

None declared.

Peer review under responsibility of Chongqing Medical University.

[^1]: These authors contributed equally to this work.
